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What controls the magnetic anisotropy in
heptacoordinate high-spin cobalt(i) complexes?
A theoretical perspectivet

Peter Comba, {2 *@ Gopalan Rajaraman, & *® Arup Sarkar® and
Gunasekaran Velmurugan®

The magnetic anisotropy of sixteen seven-coordinate high-spin Co' complexes with O, N, Cl and |
donors was investigated with state-of-the-art ab initio CASSCF/NEVPT2 calculations and compared with
experimental data. Based on the nature of the equatorial and axial ligands, which were found to tune the
zero-field splitting, the complexes were classified into four groups. The experimental zero-field splitting

parameters D which, for the various structures are in a range of +30 to +60 cm™

,as well as the g and £
values are well reproduced. The investigation of the electronic structure shows that in these pentagonal
bipyramidal complexes the donors and symmetry in the equatorial plane play an important role in the
values of the axial zero-field splitting parameter D, and breaking of the horizontal plane of symmetry was
found to enhance the magnitude of the D value. Although negative values of D are a desired condition for
SIMs, many Co'" based SIMs with positive zero-field splitting are fundamentally important to understand

the nature of magnetic anisotropy, and seven coordinate Co" complexes with a large overall crystal field

rsc.li/dalton

Introduction

Single molecule magnets (SMM) have been known for a long
time. The first, an Mn;, complex, synthesized and structurally
characterized in 1980 and characterized in 1993, displays slow
relaxation of magnetization and hysteresis below the blocking
temperature Tjs."> After the unique properties of Mn,, were
recognized, a great interest in SMMs arose. As the name
suggests, the central feature of an SMM is that, unlike classical
magnets, their magnetism has a purely molecular origin.®
Below the blocking temperature, the reorientation of the mag-
netization is completely blocked due to the magnetization
reversal barrier known as U.g. For transition metal SMMs this
picture corresponds to the energy separation between the +M,
levels. The fact that the Mj states split is due to zero-field split-
ting (ZFS), which plays a central role for SMMs. The zero-field
splitting depends on first order spin-orbit coupling for lantha-
nides and on second order spin-orbit coupling for transition
metal systems.® Reasons for the great interest in SMMs are
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splitting might provide a way forward in this class of molecules.

possible applications in the fields of molecular spintronics,’
high density data storage,” and quantum information
processing.®™° As in Mn,,, SMMs can consist of several metal
ions connected by ligands, and an SMM with only one metal
center is a single ion magnet (SIM). The first SIM was pub-
lished in 2003 and had a lanthanide ion in its center, and the
first transition metal ion containing SIM was a cobalt(i) com-
pound reported in 2011."*7"

Important advantages of transition metal based SIMs are
that these are generally air-stable, relatively easy to prepare and
control of the magnetic anisotropy may be achieved by fine-
tuning of the ligand field via systematic changes of the
ligands."*"* The best reported 3d transition metal ion contain-
ing SIMs have Fe''™, Co" or Ni" centers.*™*° However, out of
these metals, Co" is the favored candidate due to its Kramers
nature of the spin ground state. A vast number of Co" SIMs
with coordination numbers of 2 to 7 have been prepared and
characterized.”® For pentagonal bypyramidal (pbp or pseudo-
pbp) seven-coordinate Co™ SIMS, the equatorial plane is often
occupied by a linear or macrocyclic pentadentate ligand.

For a systematic synthesis of complexes for applications as
SIMs, it is desirable to be able to accurately correlate the mag-
netic properties with the molecular structure. Therefore, the
computation of electronic structure-based properties, which all
depend on the structure, may help to interpret experimental
magnetic data. Ligand field theory shows that the multiplet
splitting strongly depends on the d-orbital energies, which
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determine spin-orbit coupling and magnetic anisotropy in
these types SIM.'®*' While four- and six-coordinate Co" com-
plexes are common and well covered in published theoretical
and experimental work, theoretical studies on seven-coordi-
nate Co" complexes®*** are scarce.”>*® Here, we present an
analysis of sixteen seven-coordinate Co" complexes with
pseudo-Ds;, symmetry, based on ab initio CASSCF/
NEVPT2 methods to estimate the D and E/D values, in order to
understand how various factors such as symmetry, donor
atoms, structural distortions and rigidity of the ligand can
influence the zero-field splitting.

Computational details

The experimental structures of the Co” complexes shown in
Fig. 1 are published, and the coordinates of the isolated mole-
cular cations were used for the computational work. The
CASSCF-NEVPT2 calculations were performed with ORCA
4.0.1.>* Hydrogen atom positions of the X-ray structures were
optimized prior to single-point ab initio calculations using the
UKS/BP86 method with a def2-SVP basis set. The guess orbi-
tals for the multi-configuration self-consistent field methods
were generated with a fast ROKS/BP86 setup, involving the
BP86 functional and the ZORA-def2-SVP basis set. The ZORA-
def2-TZVP basis set was used for cobalt to better describe the
metal center, while ZORA-def2-TZVP(-f) was used for the
atoms of the first coordination sphere. These basis sets were
retained for the CASSCF and NEVPT2 calculations. However,
the auxiliary basis sets have been changed from SARC/J to
def2-TZVP/C and for the metal center and its environment to
def2-SVP/C, respectively. To calculate the excited state energies
of the high-spin d” Co™ system, five 3d-orbitals were used pri-
marily as the active space in the CASSCF calculation. The effect
of the second d-shell (4d orbitals) were included with a CAS
(7,10) active space in order to account better for electron corre-
lation. In the spin-orbit coupling step, 10 quartet and 40
doublet states, were allowed to mix using the quasi-degenerate
perturbation theory (QDPT) treatment as implemented in
ORCA. The final ZFS parameters were estimated using the
effective Hamiltonian approach.”” Additionally, the Shape 2.1
program®® was used to systematically assign the geometries of
the seven-coordinate Co" geometries, and the PHI program®’
served to validate the theoretically obtained ZFS parameters
and g-factors with experimentally determined parameters from
the susceptibility and magnetization data of complexes (13)
and (15).

Results and discussion

The sixteen seven-coordinate Co™ complexes studied here are
shown in Fig. 1 (structural drawings appear in the ESI,
Scheme S1t). The SHAPE analysis (ESI, Table S1f) indicates
that the geometries are best described as pseudo-pentagonal
bipyramidal. With respect to the ligand systems used, the
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structures are divided into four classes (see Table 1 and Fig. 1).
Class I complexes (1-3) have two bidentate nitrates in the
equatorial plane and three meridionally disposed pyridine-
derived monodentate ligands. Class II complexes (4-7) are co-
ordinated to an N,O; macrocyclic ligand in the equatorial
plane with two pendant nitrogen donors as axial ligands, and
complexes 4-6 only differ in terms of the crystal lattice, i.e., by
the non-coordinating counter anions. Class III complexes (8
and 9) have the same in-plane Njs-macrocyclic ligand and
differ by the axial donors. Class IV complexes (10-16) have a
linear pentadentate equatorial N;O, ligand with differing pro-
tonation states of the hydrazine groups and various axial
ligands.

The CASSCF/NEVPT2 method has been shown to accurately
estimate spin-Hamiltonian parameters of mononuclear tran-
sition metal complexes.>*?>?°> The computed ZFS para-
meters of all 16 complexes considered here are assembled in
Table 1 together with a structural parameter describing the in-
plane deviation from PBP symmetry and published experi-
mental and computed ZFS parameters. To evaluate the accu-
racy of the theoretical methodology applied here, the experi-
mental DC magnetic susceptibility and magnetization plots
were simulated with the computed values: the DC SQUID data
of complexes 1,® 2,%° 3,>° 13,%” and 16 *® were simulated with
NEVPT2 computed parameters (see ESI, Fig. S1 and S27),
leading to good agreement with the experimental data. Note
that, in general, experimental ZFS parameters are obtained by
fitting the magnetic data, and the sign and magnitude of the
resulting parameters are not expected to be accurate. Also, it is
known that single-determinant DFT methods are not reliable
in computing the magnetic properties of anisotropic Co"
systems.>® Therefore, multi-configurational ab initio methods
were used for simulating the experimental data. Furthermore,
we have also expanded the active space to CAS(7,10) with the
inclusion of the second d-shell of Co™ to understand its effect
on the ZFS parameters (see Table S2 in ESI}). We note that the
D parameters alter within a margin of +2 em™" and E/D with a
margin of +0.01 upon expanding the active space. We report
the AILFT orbital energies and discuss the ZFS parameters in
the following on the basis of the CAS(7,5)SCF/NEVPT2 calcu-
lation results.

There are few reports on the theoretical aspects of the
origin of ZFS in seven-coordinate Co" systems,”*** and our
present study aims at an in-depth understanding of the elec-
tronic states as a guide to estimate the ZFS parameters from a
first principles approach. The relevant free ion electronic
states of 3d” are the quartet ground states “F and P, and the
doublet states *H, >G, °F, *D,, *Dy, and P (see Fig. 2, where
only the quartet states are considered). The splitting of the
d-orbitals in the distorted pentagonal bipyramidal structures
(pseudo-Dsy,) leads to (dy, dy;) < (de—ye, dy) < d (see Fig. 3
and Table S37). In class I, three Co™ complexes are coordinated
by four nitrate O donors and an aromatic nitrogen donor in
the equatorial plane with two aromatic nitrogen donors as
axial ligands. Due to the asymmetrical binding of NO;~ with
different Co-O bond lengths, complex 2 shows a large splitting

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Structural plots of the chosen heptacoordinate high-spin Co" complexes (structural formula are given in the ESIt); arrows are the computed
D,, axis (NEVPT2). Class I: blue box, class II: red box, class Ill: green box and class IV: black box.

between the equatorial d,._,. and d,, orbitals accompanied by as expected from the donor sets, the observed splitting is
a high E/D value. The SHAPE analysis (see ESI, Table S1)** therefore primarily an electronic effect. Furthermore, the com-
does not point to this difference within class I complexes and, plexes also differ in the equatorial coordination patterns. In
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Table 1 Comparison of calculated and experimental zero-field splitting parameters of the seven-coordinate mononuclear Co'" complexes

NEVPT?2 level of Earlier work exp. (calc.)

theory values
Angular distortion e Ref.

Complexes parameter (5 ©)¢ Dem™ E/D Dem™ E/D
Class I [Co(py)s(NO,),] (1) 68.4 40.78 0.07 68.7 (36)° 0.07 28
[ o(tbp);(NO;),] (2) 70.1 61.74 0.26 35.8 0.00 29
Co(isq)y(NOs),] (3) 66.0 40.83 0.12 35.7 0.00 29
Class 11 Co(L,)** (4) 11.7 31.34 0.14 — — 30
Co(L,)]-2NO; (5) 11.8 31.35 0.14 25 0 30
Co(L,)]-2Clo, (6) 11.8 31.34 0.14 26 0 30
Co(L,)** (7) 14.5 30.49 0.12 23.1 — 31
Class T1I Co(L3)(H,0),]** (8) 7.3 35.15 0.02 24.6 0 32
Co(L4)Cl,] (9) 7.4 47.30 0.04 40 (45)° 0 33
Class IV Co(LsH,)I(H,0)]I (10) 5.6 36.97 0.03 30 0.01 34
Co(LsH,)(H,0)(NO;)] (11) 12.9 35.50 0.07 31 (35)° 0 (0.02)° 35
Co(L;H)(H,O0)(EtOH)]*(12) 11.2 37.51 0.00 27.65 0 36
Co(L 5)(HZO)] (13) 14.8 34.37 0.06 13.1 (12)* 0 37
Co(Ls)(im),] (14) 19.1 35.00 0.06 24.8 0 32
[Co(LsH,)(NCS),] (15) 10.6 38.07 0.05 15.9 (15)* 0 37
[Co(NO;)(EtOH)]" (16) 11.0 38.21 0.01 33.4 0 38

“5=3|72 -4, ie, averaged distortion of the equatorial donor-metal-donor angles from the ideal 72°.

¢ SA-CASSCF/NEVPT2 method. 4 Coupled perturbed DFT method.
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Fig. 2 Qualitative energy splitting diagram of Co', with sequential per-
turbations due to the ligand field, free ion — Ds,, — C,,. The lowering of
symmetry allows mixing of the wavefunction, contributing to the D
value.

order to quantify this difference, we have introduced the
angular distortion parameter § (see Table 1), which is a
measure of the sum over the equatorial bond angle deviations
(A°Y) from the ideal 72° in PBP geometry, given by
5 =7Y"172 — A{%]. This parameter helps to understand the devi-

l
ation of the equatorial symmetry from ideal PBP geometry and

5178 | Dalton Trans., 2022, 51, 5175-5183

b CASSCF/RASSI-SO method.

hence correlates with the ZFS parameters.'”>> However, since
not all equatorial donor atoms are in a plane, the § parameter
does not fully account for the deviation from ideal PBP geome-
try. Therefore, the one electron ligand field d-orbital energies
given in Fig. 3 (see also ESI, Table S2}) are important to ration-
alize the origin of the magnetic anisotropy.

The ligand field analysis indicates that the first four excited
states predominantly contribute to the overall D value (see
Fig. 4 and 5). In all four classes, the ground state electronic
configuration is approx., i.e., t0 >80%, dy,2dy2dye_ye'dy,'d,". In
perfect Ds;, point group symmetry, this non-degenerate ground
state transforms as “A,’. Excitation of a single electron from
dy,/dy, to the d,y/d,._,. orbital set will give rise to the two
doubly degenerate excited states “E,” and “E,” (in Dsy, ie., if
there is a horizontal symmetry plane), as shown in Fig. 2.
There will be another doubly degenerate “E,’ state arising from
the “F term, which lies higher in energy and contributes negli-
gibly to the ZFS. From these two doubly degenerate excited
states only “E,"” contributes significantly to the overall D value
in the 16 complexes considered here (see ESI, Tables S4-S517).
The “E,” and “E,’ states do not significantly contribute to the
D and E values because the L, and L, operators, transforming
as E,” in Dsp, can only connect the ground state “A,’ to the
“E," excited state with a non-zero matrix element, ie., (*A,’|
lx,y|4E1”) # 0. Due to the mixing of the first four excited states,
arising from different spin allowed electronic transitions (d,,/
dy, = dy/d,e_y2), the D value in all D5, or pseudo-Ds, com-
plexes are positive. When the symmetry is lowered from Dsj, —
Cay, the doubly degenerate states “E,” and “E," split into four
*B, and B, states, allowing further mixing with *A,’ via the
angular momentum operators. Hence, the complexes with
symmetry lower than Ds, or pseudo-Ds, show contributions
from all four excited states. An increase of the structural in-
plane distortion described by & leads to a lowering in sym-

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 NEVPT2 computed ligand field d-orbital splitting diagram of the investigated complexes with their respective D (top, in cm™) and E/D-values

(bottom).
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Fig. 4 Contribution of the first four excited states to the D parameters for the sixteen Co'" complexes.
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Fig. 5 Contribution of the first four excited states to the E parameters for the sixteen Co'" complexes.

metry and hence allows further mixing with the excited states.
Other higher-lying excited states involving double excitations
do not contribute to the zero-field splitting. Also, the d,,/d,, —
d,. transitions are too high in energy to significantly contrib-
ute to the D values. A non-negligible positive contribution
towards D arises from a spin-flipped excited state involving the
d,y — d,_ transition and corresponds to the *A,’ representa-
tion. This contribution rises in the cases, where these two orbi-
tals remain close in energy.

The NEVPT2/QDPT/EHA computed spin-Hamiltonian para-
meters are compared with the experimental data in Table 1 (see
also ESI, Tables S4-S51%), and a comparison of experimental
with simulated y7 vs. T data of three complexes is given in the
ESI (Fig. S1 and S27). The ab initio computed major anisotropy
axes, iLe., D,, and g, are aligned along the highest order axis
(Cs) in all complexes (see ESI, Fig. S3-S17t). The axial ligands
control the energy of the d,. orbital to a large extent; due to
strong axial coordination, the energy of the d,. orbitals in all
these complexes remains above the d,._./d,, set of orbitals and
hence the d,,/d,, — d,. transitions prevail at high energy. It
follows that the equatorial ligands primarily determine the con-
tribution arising from lower energy excited states and therefore
control the major spin-allowed part of the ZFS parameters. The
angular distortion parameter & shows the highest deviation
(>60°) in all three class I complexes, and this helps to break the
equatorial ligand field symmetry. Therefore, class I complexes
show the highest axial ZFS parameters with D values ranging
from +40 cm™" in complex 1 to +62 cm™" in complex 2. The
SHAPE analysis (see Table S1 in ESIT) also reveals the largest
deviation parameter for PBPY symmetry for complexes 1-3.

5180 | Dalton Trans., 2022, 51, 5175-5183

Experimental EPR data are available for complexes 1 and
3.”%2% In complex 1 the g-factors derived from EPR spectra for
the ground state Kramers doublets (KDs) are g; = 6.1, g, = 4.2
and gz = 2.2, compared to g; = 5.31, g, = 4.15 and gz = 1.97
obtained from NEVPT2 calculations. From the fitting of 7 vs.
T data, a similar D value of 35 ecm™" for both complexes has
been reported, and a downward shift of yT vs. T is observed
at higher temperatures for complex 2 in comparison to 3, and
this supports a higher D value for 2 compared to 3. Therefore,
we have simulated both curves with the ab initio calculated
values, and excellent agreement with the experimental curves
was obtained (see ESI, Fig. S2t). This shows that the ab initio
methods used here can accurately estimate the magnetic an-
isotropy of these complexes. The three equatorial ligands - two
nitrates and a pyridine derivative — break the molecular sym-
metry from pseudo-Ds, to pseudo-C,,. Therefore, all four
excited states contribute to the overall D values for complexes
2 and 3. Complex 2 has the weakest ligand field, and the first
excited state lies at 920 cm™" (see Fig. 4), leading to the largest
value of D in the class I series of complexes. The E parameter
arises from the difference of the D,, and D, values and, since
a high in-plane symmetry reduces the difference between the
two values, £ and the usually reported E/D parameters are
larger for complex 2 than for the other complexes 1 and 3 (see
Table 1 and Fig. 5 and 6).

Due to the equatorial coordination of a pentadentate
macrocyclic ligand in class II, complexes 4 to 7 possess little
distortion from Ds;, symmetry and the § parameter is only
approx. 12°. Therefore, the main contribution to D arises from
“E,”, ie., from the 3™ and 4™ excited state. As therefore

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 AILFT orbital energy diagram for [Col(isq)3(NOs),] (complex 3).

expected, the computed D values are smaller than those of
class I, and primarily this is due to the higher in-plane ligand
field exerted by the macrocyclic ligand. As the counter ion
does not significantly influence the structure, their influence
on the D values is minimal, and the D values of the class II
compounds remain in the range of 30-32 cm™" with moderate
E/D values around 0.12.

The two class III complexes 8 and 9 are coordinated to a
pentadentate macrocyclic ligand with two monodentate axial
ligands (H,O, CI7). For 8, there is only little distortion from
pseudo Ds;, symmetry but with an in-plane N3O, donor set in
9, the in-plane distortions are significant, breaking the Dsj,
symmetry. This is not reproduced by the § parameter, which
for complex 9 is only ~7°. This is because § is a structural para-
meter that does not describe the electronics of the metal-
donor interaction and also because deviations from planarity
of the in-plane ligand field is not included. Therefore, a quan-
titative (ab initio) ligand field calculation is a better way to
analyze the d-orbital energies. The monodentate axial ligands
lead to a higher symmetry in comparison to the class II
systems but to a significant drop of energies of the d,. orbitals
due to a weaker ligand field (see also Fig. 3 and Fig. S9, S107).
Due to the weaker in-plane oxygen donors and the deviation

This journal is © The Royal Society of Chemistry 2022
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from planarity, complex 9 has much closer excited states than
complex 8. For this reason, complex 9 has a higher D value
(+47 cm™") than 8 (+35 cm ™).

Complexes 10-16 in class IV have a planar open-chain N;O,
ligand derived from diacetylpyridine-bis-(benzoyl-hydrazine)
(DAPBH) with different protonation states of the hydrazine
groups coordinated in the xy plane and various axial ligands.
Due to the planar geometry of the pentadentate ligand, the sym-
metry of the complexes is close to pseudo-Dsy,. The D values are
all around 37 + 3 em™". This supports the assumption that the
equatorial donors determine the ZFS parameters of pentagonal
bipyramidal Co" complexes. Due to a high equatorial symmetry
in class IV complexes, the contribution to D arises from the
third and fourth excited states (i.e., from the “E," states). The &
parameters of these complexes vary in an unpredictable way
and range from a low 6° in complex 10 to a moderate 19° in
complex 14. Due to the higher symmetry and reduced energy
gap between d,._,. and d,, orbitals, the contribution towards D
arising from the doublet states is quite large in all class IV com-
plexes. In some cases, the variation of the axial ligands allows
breaking the symmetry in the xy plane (complexes 10-12 and
16). An interesting observation in this class is that, despite the
heavier halide (iodide) coordination in the case of complex 10,

Dalton Trans., 2022, 51, 5175-5183 | 5181
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this is not enhance the D parameter, which again highlights the
dominant role of structural parameters in determining the sign
and magnitude of D in transition metal SIMs. The DC magnetic
data of complexes 13 and 14 are simulated with the ab initio
electronic parameters in excellent agreement with the experi-
mentally observed data (see Fig. S27).

The E/D parameter for the complexes in classes III and IV
range from 0.01 to 0.07. This is one order of magnitude
smaller than for the other two classes and is due to the cancel-
lation of transverse anisotropic values (D, and D). The Dy,
and Dy, values arise from the spin-orbit coupling of excited
states with different M, values. If the equatorial ligands
enforce a higher symmetry, these two terms cancel each other,
leading to the small rhombic magnetic anisotropies in com-
plexes 10-16 (see Fig. 5).

Conclusions

The CASSCF/NEVPT2 computational approach with a CAS(7,5)
active space yields D and E/D values that are in excellent agree-
ment with available experimental data. With respect to the
ligands coordinated to Co", we have divided the sixteen penta-
gonal bipyramidal complexes into four classes. In contrast to
other geometries, the ZFS parameters of the seven-coordinate
Co" complexes are all rather similar, with D always positive
and in the range of 30-60 cm™'. The magnitudes of D and E/D
are rationalized on the basis of the equatorial angle distortion
parameter ¢ and the ab initio computed d-orbital energies. For
all four classes of complexes, the major contribution to the D
value arises from the mixing of the first four excited states.
Among the four classes studied, class I shows the largest mag-
nitude of D due to a large splitting of the “E,” term. This arises
from the relatively weak equatorial ligand field and structural
distortions that cause a reduction in the pseudo D5}, symmetry.
Complex 2 shows the highest D value of 61 cm™" due to a sig-
nificant deviation from the equatorial 5-fold symmetry with a
large 6 parameter. The detailed analysis reveals that the ZFS of
these pseudo-pentagonal-bipyramidal Co™ complexes strongly
depends on the nature of equatorial ligands and related distor-
tions that lower the symmetry. Therefore, out-of-plane sym-
metry breaking and weaker equatorial coordination is the key
to enhance the ZFS in Co™-based seven coordinate SIMs.
Future work in this area might be extended with the aim to
further change the equatorial ligand symmetry, further tune
the D parameter and eventually change its sign.
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